Performing optical spectroscopy of highly homogeneous quantum dot arrays in ultrahigh magnetic fields, an unprecedently well resolved Fock-Darwin spectrum is observed. The existence of up to four degenerate electronic shells is demonstrated where the magnetic field lifts the initial degeneracies, which reappear when levels with different angular momenta come into resonance. The resulting level shifting and crossing pattern also show evidence of many-body effects such as the mixing of configurations and exciton condensation at the resonances. DOI: 10.1103/PhysRevLett.92.187402 PACS numbers: 78.55.Cr, 73.21.La, 78.67.Hc, 81.07.Ta Quantum dots have been at the heart of intense research efforts in view of both the high potential for applications as well as new physics on a nanoscale [1] [2] [3] . The basic understanding of the quantum dot (QD) properties is necessary in order to fully exploit their application potential. This fundamental understanding of QD systems is based on a knowledge of their energy shell structure and of relevant carrier interactions. To this effect, spectroscopy experiments in high magnetic fields are an appropriate probing tool. For example, Coulomb blockade spectroscopy of single, electrostatically defined QDs [4 -6] has revealed a shell structure that can be understood in terms of two-dimensional harmonic oscillators, the Fock-Darwin (FD) spectrum [7, 8] , which is strongly modulated by a charging energy due to the injection of negatively charged electrons. Also, low-field magnetoluminescence of QD arrays [9-12] was performed, but a limited magnetic field range as compared to interlevel spacing prevented the observation of the clear crisscross pattern typical of FD diagrams. In contrast, by following the interband emission of chargeneutral electron-hole pairs in a large array of highly homogeneous self-assembled QDs subject to high magnetic fields, we directly observe the FD-like spectrum representative of the QD ensemble. From it, we show that the energy shell structure can be understood in terms of a weakly modulated FD spectrum of electron-hole pairs (excitons), where charge neutrality and high symmetry lead to subtle manifestations of many-body effects.
Quantum dots have been at the heart of intense research efforts in view of both the high potential for applications as well as new physics on a nanoscale [1] [2] [3] . The basic understanding of the quantum dot (QD) properties is necessary in order to fully exploit their application potential. This fundamental understanding of QD systems is based on a knowledge of their energy shell structure and of relevant carrier interactions. To this effect, spectroscopy experiments in high magnetic fields are an appropriate probing tool. For example, Coulomb blockade spectroscopy of single, electrostatically defined QDs [4 -6] has revealed a shell structure that can be understood in terms of two-dimensional harmonic oscillators, the Fock-Darwin (FD) spectrum [7, 8] , which is strongly modulated by a charging energy due to the injection of negatively charged electrons. Also, low-field magnetoluminescence of QD arrays [9] [10] [11] [12] was performed, but a limited magnetic field range as compared to interlevel spacing prevented the observation of the clear crisscross pattern typical of FD diagrams. In contrast, by following the interband emission of chargeneutral electron-hole pairs in a large array of highly homogeneous self-assembled QDs subject to high magnetic fields, we directly observe the FD-like spectrum representative of the QD ensemble. From it, we show that the energy shell structure can be understood in terms of a weakly modulated FD spectrum of electron-hole pairs (excitons), where charge neutrality and high symmetry lead to subtle manifestations of many-body effects.
The InAs QD layer sample was grown by molecular beam epitaxy on a GaAs substrate, and details of the growth can be found elsewhere [13] . In view of the small QD size (20 nm base, 3 nm heigth), one obtains a discrete electronic energy spectrum as confirmed by previous studies on single quantum dots [14 -16] , where the interpretation of the state-filling spectroscopy relied on the assumption of a two-dimensional harmonic oscillator shell structure [16] . This structure is reproduced in Fig. 1(a) , where the solid (open) arrows indicate a level occupied by electrons (holes) and two-way arrows indicate dipole-allowed transitions. These transitions can be observed in the high excitation photoluminescence (PL) spectra of the QD ensemble [17] , as shown in the bottom (black) curve of Fig. 1(b) , where by analogy with atomistic energy levels they are labeled with letters s; p; d; . . . [16] . Altogether we observe four QD-related lines, from s to f, and one additional line associated with the wetting layer (WL), which are inhomogeneously broadened. In order to clearly resolve information on the shell structure, minimization of this broadening was achieved by optimizing the growth conditions to improve height uniformity [13] and by performing post-growth annealing [18] . Figure 1(b) shows the blueshift, reduction in transition spacing and reduction in linewidth obtained upon annealing of our sample. The observed effects are related to injection of Ga into the QDs from barrier material, which increases the QD material gap and possibly modulate their size and shape. For the highest annealing temperature, a peak spacing of 36 meV and a FWHM of 15 meV are obtained, and this highly homogeneous QD layer is the focus of our study.
The key to unambiguously determining the shell structure is the application of a magnetic field. To this effect, the emission spectrum of the QD ensemble was measured with magnetic fields up to 28 T applied perpendicular to the plane of the QDs. Figure 1 (c) presents the evolution of the emission spectrum in the form of a surface plot. A clear pattern of peak splitting, shifting, and crossings is observed. The s-peak energy (starting energy 1:36 eV) increases monotonously with magnetic field, as does the wetting layer emission. The p peak splits into two lines and the d peak into three. Based on this 1-2-3 splitting sequence, one would expect the f line to split into four branches. However, since this line is almost This striking pattern can be understood in simplified terms as direct observation of a FD spectrum [7, 8] . The electronic energy spectrum dependence in a magnetic field is given by that of two harmonic oscillators with quantum numbers n and n ÿ , and corresponding frequencies B; ÿ B:
n ; n ÿ 0; 1; 2:::;
where ! c eB=m is the cyclotron frequency and ! is the harmonic frequency describing the strength of inplane parabolic confinement. At zero fields, the shell structure of the FD states is that shown for the electrons in Fig. 1(a) , with state index jn ; n ÿ i given as j0; 0i for the ground state, j0; 1i and j1; 0i for the first excited state and so on. The degeneracy of states with different index in a given shell is lifted by the magnetic field, and secondary degenerate shells are reconstructed for magnetic fields such that n B n ÿ ÿ B. The predictions of Eqs. (1) cannot be compared directly with results from semiconductor quantum dots for which one needs to consider electrons and holes. However, for dipole-allowed transitions, only electrons and holes with the same set of quantum numbers can recombine [two-way arrows Fig. 1(a) ], and one can sum electron and hole energies to form an ''excitonic'' FD spectrum:
where E 0 is an offset comprising semiconductor gap and vertical confinement energy. An example of such spectrum is shown in Fig. 2(a) . The splitting, shifting, and crossing pattern of Fig. 1(c) is qualitatively reproduced by this excitonic FD spectrum. For example, following the lower branch of the f line in Fig. 1 (c) (dashed line), a succession of intensity peaks are seen at 7, 10, and 17 T. Comparing with Fig. 2(a) , these correspond to successive crossing of the j0; 3i with the j2; 0i, j1; 1i, and j1; 0i excitonic states, respectively. One may wonder how this simple FD model may account, even qualitatively, for a complicated process which occurs in a solid material with complicated band structure and interacting electrons. In particular, k p and pseudopotential calculations coupled with strain calculations predict a significant splitting of the p and higher shells at B 0 [19] . To address these issues we have implemented the valence band mixing within the 8-band k p model, coupled via the Bir-Pikus Hamiltonian to the strain in the dot calculated using classical elasticity theory. From the comparison of the energy of calculated and measured emission lines, we estimate the concentration of Ga in an InAs quantum dot to be 50%. Such a significant degree of intermixing reduces shear strain and splitting of degenerate shells. The result shows that the predicted evolution is very close to the one obtained from the excitonic FD spectrum, as seen in Fig. 2(b) . In particular, the crossing of all j0; n ÿ i levels with the j1; 0i level is well resolved.
Despite this strong qualitative resemblance, it is not possible to quantitatively reproduce the pattern of FIG. 1 (color) . (a) Energy shell structure of electrons and holes for noninteracting two-dimensional harmonic oscillators (b) Emission spectra of the QD ensemble as a function of increasing annealing temperature (30 s anneals). Nominal excitation power density 200 W=cm 2 (c) Surface plot describing evolution of PL (second derivative) spectrum as a function of magnetic field. Black, red, and yellow represent low, medium, and high emission intensity, respectively. Excitation power density is 400 W=cm 2 . All experiments performed at T 4:2 K 7 MAY 2004 transition energies of Fig. 1(c) using Eqs. (2), from which one infers the presence of many-body effects. For the sake of discussion, it is useful to introduce the chemical po-
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GS , where E N GS is the ground state energy of a N exciton complex, or exciton droplet. The chemical potential is a convenient approximation of the emission spectrum, including many-body effects, in terms of the energy needed to add/remove an exciton from the QD. Figure 3 (b) compares a noninteracting excitonic FD spectrum (dashed line), corresponding manybody calculation using chemical potential (solid lines), and experimental results (solid circles). The chemical potential was obtained from numerical calculations making use of exact diagonalisation techniques [20] .
In order to discuss the many-body effects, let us examine the origin of the different contributions to the chemical potential. In a nondegenerate case, and neglecting scattering to higher shells, in the lowest order approximation only the configuration with the lowest total energy is taken into account. The chemical potential of the N-exciton dot can be expressed as
where the first three terms are the energy of a single exciton consisting of the kinetic energies and the direct Coulomb attraction of the electron and hole in state i. V N;x i denotes the exchange energy between the topmost particle in state N and that in a core state i. Beyond this approximation, other corrections arise from higher shell scattering and, for a degenerate shell case, from configuration coupling. The calculation shows that the latter two effects further renormalize the energy in a sense which lowers the ground state, and hence the chemical potential. The net effect of the above contributions can be observed in Fig. 3(b) . At zero field, the chemical potential of the s, 
this difference becomes larger for higher shells reflects the increase in exchange energy and configuration coupling as degeneracy and number of core states increase.
Other many-body effects are related to the level crossings. For the sake of discussion, let us concentrate on the j1; 0i-j0; 2i transition crossing which occurs at 11 T. Let jai (jbi) denote the j1; 0i (j0; 2i) state with energy increasing (decreasing) with magnetic field. Before the crossing, say, around 8 T, the jai transition is described by 5 and 6 while after, say, around 14 T, it is described by 7 and 8 In between, the jai and the jbi transitions become degenerate, and one observes an increase in intensity and a ''flat region,'' suggesting an overlap of the transitions and a cancellation of the magnetic field dependence, respectively. These phenomena are signatures of an excitonic droplet as opposed to an electronic droplet [21, 22] . For comparison, the left-hand side (right-hand side) of Fig. 3(a) shows the evolution as a function of magnetic field of the ground state energy of a five electron (exciton) system. In order to observe the crossing, we need to have four electrons (excitons) populating the two lowest levels, and at least one electron (exciton) populating the next shell. The configurations for the five electron system before (jai) and after (jbi) the crossing are shown on the left-hand side of Fig. 3(a) . The important point to note is that for electrons, the two configurations jai and jbi have different total angular momenta and do not couple. Hence the electron system is in state jai before the crossing and in state jbi after the crossing. The ground state energy of the electron droplet has a sharp cusp, which will be reflected in the evolution of the chemical potential [21, 22] . For excitons, both configurations jai and jbi involve electron-hole pairs with zero total angular momentum and hybridize. The energy of the exciton system formed averages over the energy of the two configurations which have opposite magnetic field dependence. Hence one obtains a quasivanishing magnetic field dependence at the crossing points, as shown in the inset of Fig. 3(b) and as evidenced by the flat regions in Fig. 1(c) . Moreover, neglecting higher shell scattering and assuming the same wavefunction for electrons and holes (hidden symmetry condition), the chemical potential becomes independent of N for degenerate shells and one obtains an exciton condensation effect [16, 20] . In other words, the charging energy involved in probing electronic systems, which in that case prevents the occurrence of clear transition crossings [22] , is absent for an excitonic system. Therefore, all chemical potential curves are expected to converge towards the same energy at crossing points, where the flattened field dependence ensures that they ''stick'' together for a range of energy which depends on the strength of the scattering interactions, in our case a few meV.
After the crossing, the jai transition has gained two extra core shell states, and now follows the evolution of 7 and 8 , as compared to 5 and 6 before. This implies an extra term in the exchange energy summation of Eq. (3), which produces an offset towards lower energies. The exact diagonalization calculation gives a value of 13.2 and 16.8 meV for the direct and exchange terms of 5 and 6 at 8 T, while corresponding values of 13.3 and 21.6 meV are obtained for 7 and 8 at 14 T. This offset can be observed in Fig. 3(b) , where the prolongation of the jai transition on either side of the crossing does not superimpose on each other.
In conclusion, highly homogeneous QD arrays have been realized, allowing direct observation of a FockDarwin crisscross pattern reminiscent of charge-neutral excitons. Introducing many-body effects such as mixing of configurations, exciton condensation due to hidden symmetry, and transfer of exchange energy at crossing points, one can account for deviations from the noninteracting FD model. The observation of such fine details from the spectroscopy of large QD ensembles demonstrates the realization of highly uniform QD layers.
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